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ABSTRACT
We analysed the centre of NGC 1566, which hosts a well-studied active galactic nu-
cleus (AGN), known for its variability. With the aid of techniques such as Principal
Component Analysis Tomography, analysis of the emission-line spectra, channel maps,
Penalized Pixel Fitting and spectral synthesis applied to the optical and near-infrared
data cubes, besides the analysis of Hubble Space Telescope images, we found that: (1)
the AGN has a Seyfert 1 emission, with a very strong featureless continuum that we
described as a power law with spectral index of 1.7. However, this emission may come
not only from the AGN [as its point spread function (PSF) is broader than the PSF
of the broad-line region (BLR)], but from hot and young stars, the same ones that
probably account for the observed σ-drop. (2) There is a correlation between redshift
and the full width at half-maximum of the BLR emission lines. With a simple model
assuming gravitational redshift, we described it as an emitting ring with varying emit-
ting radii and small inclination angles. (3) There is an H ii region close to the AGN,
which is composed of many substructures forming an apparent spiral with a velocity
gradient. (4) We also detected a probable outflow coming from the AGN and it seems
to contaminate the H ii region emission. (5) We identified an H2 rotating disc with
orientation approximately perpendicular to this outflow. This suggests that the rotat-
ing disc is an extension of an inner torus/disc structure, which collimates the outflow
emission, according to the Unified Model.
Key words: galaxies: active – galaxies: individual: NGC 1566 – galaxies: kinematics
and dynamics – galaxies: nuclei – galaxies: Seyfert.
1 INTRODUCTION
Active galactic nuclei (AGNs) are characterized by their
spectral emission, which cannot be attributed only to stars.
The study of these objects is very important, as they can
provide relevant information about the origin and evolution
of galaxies. NGC 1566 is a galaxy that has a very well-
studied active nucleus, notorious for its variability. It is a
nearly face-on grand design spiral galaxy with morphologi-
cal type SAB(s)bc (like the Milky Way). It is the brightest
galaxy of the Dorado group and it presents a small bar of
1.7 kpc (32′′.5) of length (de Vaucouleurs 1973; Hackwell &
Schweizer 1983; Comero´n et al. 2010). Observed in the near-
infrared (NIR), the orientation of this bar is north-south.
The galaxy’s distance is about 10.8 Mpc (NASA Extrala-
gactic Database - NED). In the radio (8.6 GHz), NGC 1566
shows a compact nuclear emission and a ’blob’ at 3′′ north
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of the centre (Morganti et al. 1999). This galaxy also has an
outer stellar formation ring, 10 kpc from the nucleus, and
two other similar rings, between 1 and 3 kpc from the nu-
cleus (Agu¨ero et al. 2004). The spiral arms have a strong
star formation, with dust features in their inner lanes (Gar-
rison & Walborn 1974); they have many H ii regions, whose
luminosity function, based on Hα relative flux scale, is well
described by a power law (Comte & Duquennoy 1982).
The NGC 1566 nucleus has a Seyfert emission (de Vau-
couleurs & de Vaucouleurs 1961; Shobbrook 1966) that was
later classified as type 1, based on optical spectra observa-
tions, that showed that the Hα and Hβ profiles have broad
components with strong asymmetry towards the red (Osmer
et al. 1974). In the literature one can find that 4.2. Hα/Hβ
.4.7 (Osmer et al. 1974; Hawley & Phillips 1980; Martin
1974), but broad-line region (BLR) photoionization mod-
els, assuming that it is composed by a high temperature
region (Te= 15000K) and a low temperature region (Te=
10000K), resulted in an Hα/Hβ ratio of about 3.2 (Clavel &
Joly 1984).
In the NIR, the nucleus presents Brγ emission with a
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broad and a narrow component, besides evidence of a dust
torus with temperature of 1000K (Smajic´ et al. 2015), which
was determined by K -band continuum fit, from a combina-
tion of stellar spectra, a power law and a blackbody curve.
In the mid-infrared, both continuum and spectral structures
between 10 and 18 µm (from the emission of silicates) are
consistent with the thermal emission from a dust torus with
clumpy morphology (Thompson et al. 2009).
NGC 1566’s nuclear spectrum in X-rays (0.5-195 keV) is
well reproduced by models that consist of a sum of partially
or completely transmitted nuclear emission, its reflection on
the accretion disc and the reprocessed emission from the
dust torus, followed by a strong emission of Fe Kα (Kawa-
muro et al. 2013). Ehle et al. (1996) verified that the nucleus’
luminosity, in the spectral region between 0.1 and 2.4 keV,
is Lx = 1041 erg s−1, the nuclear spectrum being well fitted
by a power law with spectral index of 2.3.
This galaxy is known by the variability of its nuclear ac-
tivity. Variations were observed both in the B-band nuclear
apparent magnitude - from 13.5 to 14.6 mag (de Vaucouleurs
1973) - and in the nuclear spectrum, in which an Hβ inten-
sity decrease relative to [O iii] was observed, in a time-scale
of years (Pastoriza & Gerola 1970). This variability was also
observed in Hα and Hβ profiles and in the non-stellar con-
tinuum of the nuclear emission, which varied from Seyfert
1.9 to 1.2 in four months. The explanation for this rapid in-
crease of the Balmer lines and of the broad component of Hα
(7000 km s−1) is a recurrent outburst in the nuclear region
(Alloin et al. 1986).
The variability of the nuclear spectrum was also ob-
served from X-rays to IR, the IR variation having a delay of
some months to a year relative to the optical and ultraviolet
emission (Clavel et al. 2000).
Agu¨ero et al. (2004) detected, based on deviations from
the Satoh model fitted to the kinematic optical data of ion-
ized gas, an apparent outflow located at the edges of the
galaxy’s bar. Besides that, other non-circular motions were
detected in some regions (10′′ from the nucleus). Such mo-
tions probably represent an inflow of gas to the nucleus,
which could be a feeding mechanism of the AGN. Davies
et al. (2016) analysed optical integral field observations cen-
tred on the nucleus of NGC 1566 and verified that, in ther
inner regions (where the ionization parameter is log U ∼ 0),
the environment is radiation pressure dominated, which can
lead to outflows that can affect areas far beyond the radius
of influence of the black hole.
Hawley & Phillips (1980) found evidences of a decrease
of the [O iii]/Hβ ratio and of an increase of the [N ii]/[O ii]
ratio towards the nucleus. This can be due to an increase of
oxygen abundance, which cools the gas, leading to a lower
electronic temperature and thus to a decrease of the [O iii]
flux.
Beckman et al. (1986) analysed photometric (V, R and I
filters) and optical spectral data and verified that the nucleus
and the spiral arms of NGC 1566 have bluer colours than
the other parts of the galaxy. The bluer colour of the nucleus
is probably due to the Seyfert nuclear activity. The M/L
ratio values, obtained up to the distance of 13.5 kpc from
the nucleus, can be explained by taking into account only
the main-sequence stellar populations, without the need to
assume the presence of giant stars or dark matter. Based on
the observed values of V-R and V-I, it was possible to infer
the presence of O-, B- and A-type stars in the nucleus.
K -band data in the NIR, observed with the Spectro-
graph for Integral Field Observations in the Near Infrared
(SINFONI) and with Naos-Conica, both instruments of the
Very Large Telescope, showed a circular emission of H2
molecular gas somewhat off-centred along the east-west di-
rection and with a radius of less than 1′′ (Mezcua et al.
2015). Additional SINFONI data in the K -band, analysed
by Smajic´ et al. (2015), showed that the NGC 1566 circum-
nuclear region is composed of molecular gas, dust and old
stellar populations. The molecular gas and the stellar popu-
lations are rotating around the nucleus, although there is a
disturbance in the molecular gas velocity field towards the
nucleus. A star-forming region was observed southwest from
the nucleus, with [SFR]= 2.6 ×10−3 M yr−1. Using both
SINFONI and Atacama Large Millimeter Array (ALMA)
350 GHz data, Smajic´ et al. (2015) verified that there is a
cold and warm molecular gas spiral that may indicate feed-
ing of the AGN. A molecular gas spiral towards the nucleus
was also observed by Combes et al. (2014), using ALMA
data with spatial resolution of 25 pc. That spiral is very
similar to the dust spiral observed in the Hubble Space Tele-
scope’s (HST ) extinction images. Combes et al. (2014) pro-
posed that the black hole must be influencing the gas dynam-
ics, in order to reverse gravitation torques. These torques are
directing the gas towards the nucleus, which may result in
the feeding of the AGN. The authors also observed a nuclear
disc of dense molecular gas, with deficiency of H ii regions
and atomic gas. This molecular gas displays a well-behaved
rotation, without the presence of outflows, feedback or feed-
ing of the AGN.
In X-rays, an extended emission was discovered around
the nucleus, certainly associated with the nuclear activity
(Elvis et al. 1990). According to Ehle et al. (1996), this emis-
sion is similar to the extended radio emission, suggesting a
link between the hot gas and the magnetic field.
A stellar kinematic study performed by Bottema (1993)
revealed that the stellar velocity dispersion is smaller at the
edges of the galaxy and increases towards the nucleus, where
it reaches a constant value of 115 km s−1. Smajic´ et al. (2015)
observed a stellar rotation around the nucleus of NGC 1566.
The authors also observed a slight decrease in the velocity
dispersion in the nucleus. The black hole’s mass, estimated
from the M − σ relation, with the stellar velocity disper-
sion value equal to 100 km s−1 (Nelson & Whittle 1995), is
8.3×106 M (Woo & Urry 2002).
The goal of this work is to analyse the nuclear region of
NGC 1566, using a data cube observed in the optical with
the Integral Field Unit (IFU) of the Gemini Multi-Object
Spectrograph (GMOS), installed at the Gemini-South tele-
scope. This study was complemented with a re-analysis of
the SINFONI data observed in the K and J bands, obtained
from the SINFONI data archive, and with HST images of
this galaxy, obtained from the HST data archive. This work
is focused on the properties of: the emission-line spectrum,
the AGN’s featureless continuum, the stellar kinematics and
the ionized and molecular gas kinematics.
The sections of this paper are divided as follows: section
2 describes the conditions of the observations and presents
a brief description of the data reduction and treatment. Sec-
tion 3 shows the results obtained with our first analysis tool,
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Figure 1. Image of the GMOS data cube collapsed along the spectral axis (left) and its average spectrum (right).
Principal Component Analysis (PCA) Tomography, applied
to the optical data cube, and also shows the characteriza-
tion of the featureless continuum detected in this galaxy. In
section 4, we present the analysis of the HST images. In
section 5, we calculate the emission-line ratios of the two
sources found in the nuclear region of NGC 1566. The gas
kinematics (ionized and molecular) and the stellar kinemat-
ics are analysed in Sections 6 and 7, respectively. In section
8 we discuss the results of this work and, in section 9, we
present the main conclusions. In Appendix A we show the
results of the spectral synthesis applied to the GMOS data
cube.
2 OBSERVATIONS, REDUCTION AND DATA
TREATMENT
2.1 Optical data
The optical observations of the nucleus of NGC 1566 were
made on 2013 October 10, using the IFU of GMOS, installed
on the Gemini-South telescope, in one-slit mode. The obser-
vation program was GS-2013B-Q-3. The field of view (FOV)
has 5′′ × 3′′.5 and three exposures of 910 s were taken, with
spectral resolution of R = 4340. The grating used for the
observations was R831+G5322, with a central wavelength
of 5850A˚.
The data reduction was made in iraf environment and
consisted of the determination of trim, bias subtraction,
cosmic ray rejection with the lacos routine (van Dokkum
2001), spectra extraction, correction of pixel-to-pixel gain
variations (with response curves obtained with GCAL-flat
images), correction of fiber-to-fiber gain variations and of
asymmetric illumination patterns of the instrument (with re-
sponse maps obtained with twilight flat images), wavelength
calibration (using the CuAr lamp images), sky subtraction,
atmospheric extinction correction, telluric absorptions re-
moval, flux calibration and data cube construction.
Three data cubes were constructed, with spatial pixels
(spaxels) of 0′′.05 × 0′′.05 and a spectral coverage of 4790-
6260A˚. The full width at half-maximum (FWHM) of the
point spread function (PSF) of the reduced data cubes, es-
timated with the image of the red wing of the broad com-
ponent of Hα, is 0′′.75.
Following the process described in Menezes et al. (2014)
and Menezes et al. (2015), the treatment of the data cubes
was performed after the reduction, with scripts written in
Interactive Data Language (idl). This treatment consisted,
first of all, of the differential atmospheric refraction cor-
rection. The three data cubes were, then, combined in the
form of a median. After that, a Butterworth spatial filtering
(Gonzalez & Woods 2002), the instrumental fingerprint re-
moval (using PCA Tomography - see the next section) and
the Richardson-Lucy deconvolution (Richardson 1972; Lucy
1974) were applied. This last step required a variation law
of the FWHM of the PSF with the wavelength, which was
estimated from the standard star data cube. After the de-
convolution, with 10 interactions, the FWHM of the image
of the red wing of Hα’s broad component was 0′′.66.
Fig. 1 shows the image of the data cube collapsed along
the spectral axis, herewith its average spectrum. Possible
broad components of the Hα and Hβ lines can be observed,
together with a strong emission of [O iii]λ5007 and other
narrow emission lines.
With the goal of characterizing the emission-line spec-
tra, we performed a stellar continuum subtraction, using the
synthetic stellar spectra provided by the spectral synthesis
(see Appendix A). This procedure resulted in a data cube
mainly with gas emission.
The optical data cube of NGC 1566 described above
was used in this work to analyse: the emission-line spectrum
MNRAS 000, 1–27 (2017)
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Figure 2. Image of the K-band SINFONI data cube collapsed along the spectral axis (left) and its average spectrum (right).
Figure 3. Image of the J-band SINFONI data cube collapsed along the spectral axis (left) and its average spectrum (right).
of the ionized gas, the AGN featureless continuum emission,
the current stellar populations (with spectral synthesis), the
stellar kinematics and the ionized gas kinematics.
2.2 Near-infrared data
The observations in the NIR, obtained from the SINFONI
data archive, were made on 2008 October 2 (J band) and
on 2008 November 1 (K band). The observation program
was 082.B-0709(A) (PI: Beckert). The fore optics of 0.1′′
was used, which resulted in a FOV of 3′′.2 × 3′′.2. Two 300 s
observations were made for the J and K bands, with central
wavelengths of 12500 and 22000A˚, respectively.
The data reduction was made with the gasgano soft-
ware1 and included bad pixel correction, flat-field correction,
spatial rectification (using distortion-fibre images), wave-
length calibration, sky subtraction and data cube construc-
tion. At the end, data cubes with spaxels of 0′′.05 were ob-
tained. The FWHM of PSF of the J- and K-band data cubes
were ∼ 0′′.41 and ∼ 0′′.40, respectively. These estimates were
taken from images of Paβ and Brγ broad component red
wings.
After the reduction, a data treatment similar to the one
1 http://www.eso.org/sci/software/gasgano.html
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Figure 4. Tomograms and eigenspectra obtained with PCA Tomography applied to the GMOS data cube of NGC 1566. (a) Tomogram
and eigenspectrum 1, (b) tomogram and eigenspectrum 2, (c) tomogram and eigenspectrum 3 and (d) tomogram and eigenspectrum 4.
The eigenspectra are not redshift corrected.
MNRAS 000, 1–27 (2017)
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Figure 4 – continued
Figure 5. ’Scree test’. The red line shows that, from eigenvector
E5 onwards, the decrease rate of variance fraction explained be-
comes constant. This shows that the noise is relevant in the data
from this eigenvector onwards, making interpretation difficult.
used for the optical data cubes was applied -see Menezes
et al. (2014, 2015). First, a differential atmospheric refrac-
tion correction was performed and the resulting data cubes
were combined in the form of a mean. Then, a spatial re-
sampling was carried out, resulting in spaxels of 0′′.025. Af-
ter that, a Butterworth spatial filtering was applied, the in-
strumental fingerprint was removed and the data cube was
deconvolved using the Richardson-Lucy procedure. The es-
timate of the PSFs of the data cubes, required for the de-
convolution, was obtained from images of the red wings of
Paβ and Brγ broad components. Using these same images,
we verified that the FWHM of the PSFs of the treated data
cubes, in the J and K bands, was ∼ 0′′.33.
Fig. 2 shows the collapsed image and the mean spectrum
of the data cube in the K band. The CO molecular bands are
very prominent in this spectrum. Fig. 3 shows the collapsed
image and mean spectrum of the data cube in the J band.
One may notice that Paβ is the only emission line clearly
visible in this spectrum, which is considerably noisier than
the one in the K band.
The stellar continuum of the data cubes in the J and K
bands was subtracted, as well as it was done for the optical
data cube, to allow a more detailed analysis of the emission-
line spectrum. In the K band, the subtraction was made us-
ing synthetic stellar spectra provided by the Penalized Pixel
Fitting (pPXF) method (Cappellari & Emsellem 2004). This
procedure involves the stellar continuum fit, using spectra of
a given base (for more details, see section 7). On the other
hand, the stellar continuum subtraction in the J -band data
cube was performed simply by subtracting splines fitted to
the spectra (with masked emission lines), since, in this case,
there is no suitable stellar spectra base to be used.
The NIR data cubes of the central region of NGC 1566
were used to analyse the emission-line spectrum, the ion-
ized gas kinematics in some areas of the FOV and also the
molecular gas kinematics (using the H2λ21218 line, in the K
band).
3 PCA TOMOGRAPHY
After the treatment, PCA Tomography (Steiner et al. 2009)
was applied to the optical data cube. PCA is an orthogonal
linear transformation of coordinates that passes the data
to a new system in which the coordinates are the eigen-
vectors of the covariance matrix, in order of the explained
variance. In the case of PCA Tomography (which consists
of PCA applied to data cubes), the variables of the system
are the spectral pixels, while the observables are the spax-
els. As a consequence, the eigenvectors of PCA Tomography
are linear combinations of the spectral pixels and are very
similar to the spectra. Because of that, we call them eigen-
spectra. Tomograms are the projections of the spaxels on
the eigenvectors, being, then, images that indicate the de-
gree of correlation between each spaxel and the associated
eigenspectrum. It is important to analyse eigenspectra and
tomograms simultaneously for a complete interpretation of
the data. The PCA Tomography analysis reveals a large va-
MNRAS 000, 1–27 (2017)
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Figure 6. Two wavelength ranges of eigenspectrum E2 (not redshift corrected): in red, the original eigenspectrum E2 and, in blue,
the same eigenspectrum obtained from the data cube after the removal of the featureless continuum contamination, whose determined
spectral index is 1.7.
riety of phenomena in the data cube, many of them hard to
detect with traditional methods (Ricci et al. 2011; Menezes
et al. 2013; Ricci et al. 2014).
3.1 Eigenvectors and tomograms
The first set of tomogram/eigenvector (Fig. 4a) represents
the characteristics associated with most of the data cube
variance. This eigenspectrum resembles the data cube’s av-
erage spectrum, which reveals the data redundancy (see
Fig. 1). However, this eigenspectrum displays less structures
compatible with the absorption lines than the average spec-
trum, indicating that it is less related to the stellar popu-
lation’s emission than the average spectrum. It is possible
to see correlations compatible with the emission lines com-
ing from the central region (bright) of the tomogram (cor-
related to the eigenspectrum). Structures compatible with
the broad components of Hα and Hβ lines are evident, with
a strong emission of [O iii]λ5007 and with the emission of
the typical lines of partial ionization regions ([O i]λ6300, [S
ii]λλ6716, 6731 and [N ii]λλ6548, 6584). All these character-
istics reveal the existence of an AGN in the bright region of
the associated tomogram. The variance fraction explained
by this eigenvector is about 95 per cent.
The second eigenvector (see Fig. 4b) is correlated to
the main emission lines of this spectral region and to the
broad components of Hα e Hβ. There is, also, an anticor-
relation with many stellar absorption lines in this spectral
region. Based on that, it is possible to infer that the tomo-
gram’s bright regions represent the main areas from where
the emission lines are emitted. At the same time, one may
notice that the stellar absorptions are more accentuated in
the tomogram’s dark region (anticorrelated to the eigenspec-
trum) than in the bright regions. One of the bright regions,
Region 1, is centred on the galaxy’s nucleus (centre of the
FOV), while the second region, Region 2, is centred at ∆x =
1′′ and ∆y = -1′′. This eigenvector explains about 4 per cent
of the data cube variance.
Eigenvector E3 is correlated to the low ionization lines
(Hβ, Hα, [N ii]λλ6548, 6584, [S ii]λλ6716, 6731) and an-
ticorrelated to the higher ionization lines ([O iii]λλ4959,
5007). So, the tomogram’s bright regions (see Fig. 4c), which
are correlated to eigenvector E3, are regions of lower ion-
ization and the tomogram’s central dark region emits the
higher ionization lines. In other words, this set of tomo-
gram/eigenvector is differentiating the regions of high and
low ionization and explains 0.5 per cent of the variance.
Eigenspectrum E4 (see Fig. 4d) is anticorrelated to the
broad components of the Hα e Hβ lines. With the excep-
tion of the [O iii]λλ4959,5007 and [O i]λ6300 lines, there are
anticorrelations to the blue wings of all the emission lines
and correlations to the red wings of the same lines. In view
of this, the set tomogram/eigenvector 4 represents certain
phenomena: the kinematics of the low ionization lines, the
location of the BLR and the emission of the higher ioniza-
tion lines. The central bright region is the same one observed
in tomogram 3, therefore, indicating again the location from
where the higher ionization emission lines are emitted. In
addition, eigenspectrum E4 also has correlations to the red
wings of all other emission lines. Therefore, it is possible that
at least part of this region is in redshift. The second bright
area in the tomogram, which coincides with Region 2, is not
correlated to the higher ionization lines (see tomogram 3), so
it must be associated with the correlations to the red wings
of the emission lines observed in eigenspectrum E4. Based
on that, Region 2 should also be in redshift. The dark area,
besides indicating the location of the BLR, as it is anticorre-
lated to the broad components of the Hα and Hβ lines, also
coincides with the area where the gas is in blueshift. The
possible correlation of the bright part of the central region
to the red wings of the lines and the anticorrelation of the
other part, which shows the blueshift area, suggests the ex-
istence of a kinematic phenomenon, being an outflow or a
gas rotation. This eigenvector explains about 0.49 per cent
of the variance.
It is not possible to interpret the data clearly from
the set of tomogram/eigenvector 5 onwards. This is because
noise becomes dominant as the variance fraction decreases.
MNRAS 000, 1–27 (2017)
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By summing the variance fractions of all other eigenvectors,
we have 0.24 per cent; so, there is little information shrouded
in a lot of noise. A way to see that is through the ’scree test’.
Generally, when the rate of decrease of the explained vari-
ance fraction reaches a nearly constant value (which happens
here from eigenvector E5 onwards - Fig. 5), the noise domi-
nates the eigenvectors, making their interpretation more dif-
ficult. But it is also possible to see that from eigenvector E15
onwards, the decreasing rate is flatter and there is little dif-
ference between the variance fractions of the eigenvectors,
which shows that the noise is even more expressive in the
data from this eigenvector onwards.
3.2 Featureless continuum
Great part of the AGN emission occurs in the form of a
featureless continuum, which behaves mathematically as a
power law,
Fν = Aν−α, (1)
where the exponent α is called spectral index.
Eigenspectrum 2 (Fig. 4b) reveals that the stellar ab-
sorption lines are less intense in the AGN region than in
its surroundings. We believe that this is due to the obfus-
cation of these lines by the featureless continuum emitted
by the AGN. In order to find an appropriate spectral index
to describe this emission, synthetic data cubes containing
power laws at the AGN position were built, with different
spectral indexes and different multiplicative constants. All
the others values in the synthetic data cubes were assumed
to be 0. After that, each frame of the synthetic data cube
was convolved with a PSF, with FWHM given by the varia-
tion law estimated from the data cube of the standard star
used during the data reduction. This variation law requires
a value for FWHM at a reference wavelength. We took the
wavelength of Hα as reference and we also convolved the syn-
thetic data cubes assuming different values for the reference
FWHM. The convolved synthetic data cubes were then sub-
tracted from the original one. Lastly, PCA Tomography was
applied to the resulting data cubes. Fig. 6 shows the eigen-
vector E2 obtained from the PCA Tomography of the data
cube before the subtraction of the featureless continuum, as
well as the same eigenvector obtained with the PCA Tomog-
raphy of the data cube that revealed the best subtraction,
which was achieved assuming a featureless continuum with
a spectral index of 1.7. The reference FWHM (at the wave-
length of Hα) for the variation law of the PSF convolved
with the synthetic data cube that best removed the absorp-
tion lines obfuscation in the central region (FWHM ∼ 0′′.75)
is higher than the FWHM of the PSF (estimated from the
image of the broad component of Hα) of the treated data
cube of NGC 1566 (FWHM= 0′′.66). This suggests that the
detected emission, with the approximate form of a power
law, is not coming from the AGN alone (see Appendix A).
4 ANALYSIS OF HST IMAGES
In order to analyse with greater detail the circumnuclear
structures in this galaxy, we compared our data with some
HST archive images, observed with the Wide-Field Plane-
tary Camera 2 (WFPC2) using the broad-band F555W and
F814W filters (Erwin 2004; Georgiev & Bo¨ker 2014), which
correspond, approximately, to the V and I bands, respec-
tively. The images were taken on 1995 August 30 and three
exposures of 100 s were made for each filter. We also re-
trieved, from the HST data archive, three 600-s exposures,
taken with WFPC2, on 2009 September 9, using the narrow-
band F658N filter.
An Hα image was obtained with the F658N filter, after
the subtraction of the image in the F555W filter (multiplied
by a constant), which represents the stellar emission. The
result obtained after rotating the subtracted image, so that
it had the same GMOS data orientation presented here, is
shown in Fig. 7(a). We can see that, besides the central
emitting region (Region 1), there are other significant emit-
ting regions southwest from the nucleus, which correspond
to Region 2, observed in the optical data cube (see Fig. 9).
An interesting detail is that these emitting regions, located
at about 1′′.4 from the nucleus, are placed along a structure
that is similar to a spiral arm in the central region of NGC
1566. In section 5, we see that Region 1 represents the AGN,
which has Seyfert emission, and Region 2 is an H ii region
close to the nucleus.
Fig. 7(b) corresponds to the ratio between the Hα and
F555W filter images (Hα/F555W). It shows exactly the
same structures depicted in Fig. 7(a), and it is possible to
visualize in greater detail that Region 2 has many emitting
areas. Furthermore, we noticed that the point correspond-
ing to the emitting peak in the F555W filter image is not
coincident with the emitting peak in the Hα image. Another
characteristic that we cannot see very well in Fig. 7(a) is the
extended emission to the south-west, which coincides with
the outflow direction observed in the [O iii] images (see sec-
tion 6).
An image equivalent to V -I was made by subtracting,
in scale of magnitude, the images in the F555W and F814W
filters (see Fig. 8a). It is easy to see that the bright areas,
which represent the redder spectral emission, are arranged in
a pattern around the central region that closely resembles
a spiral. By convolving this HST image with the GMOS
PSF of the data analysed here, we obtain the image shown
in Fig. 8(b), which reveals clearly the spiral structure men-
tioned before. We also notice that the bluer regions, with
a similar spiral pattern, include the central region (due to
the featureless continuum emission from the AGN and to
the presence of young stellar populations there) and the H
ii region (possibly due to the presence of young stellar pop-
ulations at the spiral arm).
5 AGN AND THE H II REGION
5.1 Analysis of optical spectra
In order to make a detailed analysis of the emission lines
of the data cube, a stellar continuum subtraction was per-
formed. After applying the spectral synthesis (see Appendix
A), the resulting synthetic stellar spectra were subtracted
from the original data cube, which resulted in a data cube
with mainly emission lines (gas data cube).
The PCA Tomography results (see section 3) show two
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Figure 7. (a) Filter F658N image obtained with WFPC2 of the HST, at the wavelength 6562A˚, without the stellar emission (represented
by the filter F555W image multiplied by a constant). In this image, it is possible to see the central region, which corresponds to the AGN,
and the H ii region, according to Fig. 9. A square representing the size of GMOS/IFU FOV was added to the image. (b) Hα/F555W ratio
image, with the green cross representing the emission peak in the filter F555W. The size of the cross represents the position uncertainty
of 2σ.
Figure 8. (a)HST image corresponding to the subtraction F555W-F814W (equivalent to V-I ). (b)The same image convolved with the
PSF of the optical data cube. Both images have the indication of the size of the GMOS/IFU FOV. The bright areas indicate regions
where spectra are redder and the dark areas indicate regions where spectra are bluer.
distinct emitting regions (see Fig.9): one centred on the nu-
cleus (Region 1) and the other (Region 2) centred on ∆x = 1′′
and ∆y = −1′′, whose projected distance from the nucleus is
about 73.3 ± 1.9 pc (1′′.40 ± 0′′.04). In order to study the
spectral properties of the second emitting region, we ex-
tracted a spectrum from a circular region of the gas data
cube, centred on ∆x = 1′′ and ∆y = −1′′, whose radius (0′′.3)
is equal to half of the PSF’s FWHM. We likewise extracted
a spectrum with the same radius from Region 1 (see Figs 10
and 11). The two extracted spectra were corrected for the
interstellar extinction, using the values of the Hα/Hβ ratio
(considering only the narrow components of the lines) and
the extinction law of Cardelli et al. (1989).
The spectrum of Region 1 shows, clearly, Hα and Hβ
broad components. In order to separate the blended lines of
this spectrum, first of all, we fitted the [S ii]λ6716, 6731 lines
with a sum of two Gaussian sets (set 1 and set 2). In each set,
we assumed a velocity (V) and a width (σ) for the Gaussians.
Thus, each [S ii] line was fitted with two Gaussian functions
with different values of V and σ. The resulting fits, shown
in Fig. 14(c), reproduced the [S ii] lines with good precision.
The Gaussian widths (FWHM) of each set, corrected for the
instrumental resolution, are 207 ± 10 and 290 ± 44 km s−1.
After that, we fitted the [N ii]λ6548;6584 + Hα lines with
another Gaussian sum (Fig. 14b). In this case, we used two
sets (blue and green Gaussians - see Fig. 14b) of three Gaus-
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Figure 9. Image of the data cube collapsed along the spectral
region of the [N ii]λ6548, Hα and [N ii]λ6584 lines. In this figure,
the two main emitting regions are indicated: Region 1 (AGN),
centred on the nucleus, and Region 2 (H ii region), centred on
∆x = 1
′′ and ∆y = -1′′.
sians (two Gaussians for each line), each set having the same
values of V and σ obtained in the [S ii] fit. In other words,
the [S ii] lines were taken as a template to determine the
main kinematic parameters of the Gaussians used to fit the
other lines. A broad Gaussian was added to represent the
Hα broad component. One may notice that the Gaussians
describe the [N ii]+Hα lines very well. The Gaussian repre-
senting the Hα broad component has a luminosity of (5.6 ±
0.5) × 105L and its FWHM is indicated in Table 2. The Hβ
line was fitted with a sum of two narrow Gaussians, with the
same kinematic parameters provided by the fit of the [S ii]
lines, and with a broad Gaussian, with the same width and
velocity obtained from the fit of the Hα broad component
(Fig. 14a). Although the Hβ line has a more irregular profile
relative to the others, due to the lower signal-to-noise (S/N)
of this spectral region, the main characteristics of this line
were well reproduced. The velocities (V parameter) relative
to the central wavelength of each line were: for the broad
component, 375 ± 6 km s−1; for set 1, 15 ± 6 km s−1; and,
for set 2, -132 ± 75 km s−1.
From the Gaussian fits obtained for the spectrum of
Region 1 we know that the Hα and Hβ line profiles are com-
patible, since the same parameters were used to fit those
lines. Another way to prove this is by subtracting, from the
original spectrum, the Gaussian fits representing the nar-
row components of Hβ and Hα + [N ii]λλ6548;6584. This
procedure allowed us to isolate the Hα and Hβ broad com-
ponents. Fig. 18 shows the overlap of the profiles of those
broad components, in the velocity space. In this figure, the
Hα flux was divided by 2.81 (which is the minimum value for
the Hα/Hβ ratio, which occurs in the absence of extinction,
assuming case B of recombination, with density of 106 cm−3
and temperature equal to 104 K) for a better visualization.
We notice that the ratio between the two broad components
is, in fact, compatible with 2.81, which indicates that there is
little extinction internal to the AGN’s BLR in this galaxy.
All the observed extinction is associated with the narrow
components of the lines and, consequently, with the narrow-
line region (NLR), and had already been corrected, based
on Hα/Hβ values. The widths of the broad components are
compatible at 1σ level - see Table 2. This result is consis-
tent with that obtained by fitting these lines with Gaussian
sums, as explained before.
Region 2 spectrum does not have blended lines that
require Gaussian fits for a decomposition. However, the [O
iii]λ5007 line presents a probable contamination by the AGN
emission, which appears as a prominent blue wing. In order
to determine the [O iii]λ5007 flux without the contamina-
tion, we fitted it as a sum of two Gaussians: one representing
the contamination and the other the emission of [O iii]λ5007
coming from Region 2 (see Fig. 16). The values obtained for
the FWHM of the Gaussians representing the [O iii]λ5007
line and the contamination by the AGN are 227 ± 12 and
544 ± 110 km s−1, respectively. The FWHM of all other lines
is 55 ± 10 km s−1. The velocity (V parameter) relative to the
central wavelength of the [O iii]λ5007 line, for the narrow
component, is -4 ± 5 km s−1 and, for the Gaussian repre-
senting the contamination, is -326 ± 63 km s−1. The velocity
of all other lines is 51 ± 5 km s−1.
We calculated the following emission-line ratios for the
two emitting regions: [O iii]λ5007/Hβ, [N ii]λ6584/Hα, ([S
ii]λ6716+λ6731)/Hα, [O i]λ/Hα and [S ii]λ6716/[S ii]λ6731
(see Table 1). Only the narrow components of the lines of
the AGN spectrum (Region 1) were taken into account and,
in the case of the Region 2 spectrum, the contamination
of the [O iii]λ5007 line by the AGN was not considered.
The resulting diagnostic diagrams (Figs 15a-c) show the
points representing the two emitting regions of NGC 1566
and also the points corresponding to the objects analysed
by Ho et al. (1997). One can see that Region 1 has emission-
line ratios typical of a Seyfert galaxy, while Region 2, taking
into account the criteria of Kewley et al. (2001), can be
classified as an H ii region (diagrams b and c of Fig. 15)
or as a transition object (Fig. 15a). We believe that Region
2 is an H ii region contaminated by the emission from the
AGN. Although the contamination was more significant in
the [O iii]λ5007 line and was removed, there can still be
contamination in other lines, more difficult to identify, and
also to remove.
We verified from the previous Gaussian fits that the
velocity of the H ii region relative to the centre (AGN) is 36
± 8 km s−1.
5.2 Analysis of NIR spectra
As mentioned above, the subtraction of the stellar contin-
uum of the K -band data cube used the synthetic stellar
spectra obtained with the pPXF method. In the J -band
data cube, this procedure was carried out by fitting and
subtracting splines from the stellar continuum. We then ex-
tracted the resulting emission-line spectra from circular re-
gions, with radius equal to half of the FWHM of the PSF of
the data cubes, centred on Regions 1 and 2 of the gas cubes
obtained in the J and K bands. The extracted spectra are
shown in Figs 12 and 13.
Region 1 spectrum of the J -band data cube shows a
very broad Paβ line and a narrow [Fe ii]λ12570 line. We fit-
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Figure 10. Spectrum of the NGC 1566 nucleus (Region 1: AGN) extracted from the GMOS/IFU data cube.
Figure 11. Spectrum of the emitting region found close to the nucleus of NGC 1566 (Region 2: H ii region) extracted from the GMOS/IFU
data cube.
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Figure 12. Spectrum of the NGC 1566 nucleus (Region 1: AGN) and of the H ii region found close to the nucleus (Region 2: H ii region)
extracted from the J -band SINFONI data cube.
Figure 13. Spectrum of the NGC 1566 nucleus (Region 1: AGN) and of the H ii region found close to the nucleus (Region 2: H ii region)
extracted from the K -band SINFONI data cube.
Figure 14. Gaussian fits of the following lines: (a) Hβ, (b) [N ii]λ6548, Hα and [N ii]λ6584 and (c) [S ii]λλ6716,6731. The black points
correspond to the observed data. The blue and green lines represent the narrow components of the emission lines. The pink curves are
the broad components of the Hα and Hβ lines and the red curves represent the final fits of the Gaussian compositions.
ted the Paβ line with a sum of three Gaussians. Fig. 17(a)
shows the resulting fitting. Unlike the other fitted lines, the
narrow component of the Paβ line was satisfactorily rep-
resented by only one Gaussian curve (in blue). The broad
component corresponds to the sum of two Gaussians (in ma-
genta, the broad component; and in purple, the very broad
component, in Fig. 17a) with different FWHMs (see Table
2). The broader Gaussian (in purple) does not appear in the
Region 1 spectra of the other data cubes. The FWHM of the
narrow component is 231 ± 14 km s−1 and its velocity is 3
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Figure 15. Diagnostic diagrams of the main emission-line ratios in the optical data cube of NGC 1566. The central emitting region
(Region 1) is represented by the black point and Region 2, by the red square. All other points correspond to the objects analysed by
Ho et al. (1997): the green circles are H ii regions, the orange triangles are LINERs (low-ionization nuclear emission-line regions), the
violet squares are transition objects and the pink diamonds represent Seyfert galaxies. The brown line in the diagrams (a)-(c) shows the
maximum limit of ionization by a starburst obtained by Kewley et al. (2001). The cyan line represents the division between H ii regions
and AGNs made by Kauffmann et al. (2003) and the blue line represents the division between Seyfert galaxies and LINERs obtained by
Kewley et al. (2006).
± 5 km s−1. The velocities of the magenta and purple broad
components (see Fig. 17a) are 98 ± 6 km s−1 and 1107 ± 10
km s−1, respectively, and their FWHM are shown in Table
2.
Region 2 spectrum of the J -band data cube shows only
one visible emission line: narrow Paβ, with FWHM of 168 ±
12 km s−1 and velocity of 64 ± 5 km s−1.
Region 1 spectrum of the K -band data cube shows the
H2λλ21218, 22234, 24084 and the Brγ lines. Similarly to
the procedure applied to Paβ, we fitted the Brγ line with
a sum of Gaussians, but, in this case, only two Gaussians
were necessary: a narrow one, with FWHM of 250 ± 15 km
s−1 and V parameter of 5 ± 5 km s−1, and a broad one, with
V parameter of 432 ± 5 km s−1 and FWHM shown in Table
2. Although the spectrum is very noisy in this region, the
fitting results were satisfactory for our purposes.
Region 2 spectrum of the K -band data cube shows nar-
Table 1. Emission-line ratios of Regions 1 (AGN) and 2 (H ii
region).
Emission-line ratios Region 1 Region 2
[O iii]λ5007/Hβ 6.2 ± 0.5 0.50 ± 0.06
[N ii]λ6584/Hα 1.18 ± 0.08 0.65 ± 0.05
([S ii]λ 6716+6731)/Hα 0.78 ± 0.16 0.267 ± 0.017
[O i]λ6300/Hα 0.29 ± 0.03 0.024 ± 0.004
[S ii]λ6716/[S ii]λ6731 0.9 ± 0.4 1.07 ± 0.08
row H2 and Brγ lines, with velocity of 71 ± 7 km s−1 and
FWHM of 124 ± 12 km s−1.
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Figure 16. Region 2 [O iii]λ5007 line Gaussian fit. This was
the only line in the region’s spectrum that presented considerable
contamination coming from the AGN. The black points are the
observed data. The green line represents the contamination due
to the AGN emission; the blue line, the [O iii]λ5007 line emitted
by the H ii region; and the red curve is the total fit, which consists
of the sum of the Gaussian fits.
Figure 17. (a) Gaussian fit of the Paβ line of Region 1 spectrum.
Besides one narrow and one broad component, the fit detected a
very broad component (in purple) which does not appear in the
fits of all the other lines of Region 1. (b) Gaussian fit of the Brγ
line of Region 1.
Figure 18. Broad components of the Hβ (in blue) and Hα (in
red) lines in the velocity space. The Hα line flux was divided by
2.81 (minimum value of the Hα/Hβ ratio, assuming the case B
of recombination, with T = 104 K and density of 106 cm−3, which
indicates absence of extinction) so that the lines are in the same
scale.
5.3 Gravitational redshift
An important aspect to be noted in Table 2 is that there is an
evident correlation between the width of the lines (FWHM)
and their respective redshifts (see Fig. 19). That can be ex-
plained by gravitational redshift: the closer to the AGN, the
greater the redshift and the wider the lines, as long as the
velocities have a Keplerian nature. The distinct values could
be explained by the fact that the lines are emitted at dif-
ferent distances from the central object. This fact might be
the result of different emissivities of the many regions of
the BLR, or of the AGN’s variability, since the spectra were
taken in different epochs.
The hypothesis to explain the red asymmetries in the
permitted lines of AGN spectra as being due to the gravi-
tational redshift has already been discussed many times in
the literature. Netzer (1977) created a simple model of a ro-
tating disc with velocity (v) between 5000 and 15 000 km
s−1, with some inclination angles and many radii, assuming
gravitational redshift, and obtained line profiles shifted to
the red. Further works also analysed the gravitational red-
shift influence in the AGN emission-line profiles, using more
detailed models - see Bon et al. (2015) and the references
therein.
Assuming that the redshift of the broad components
of the observed lines is due to gravitational redshift, it is
possible to determine the RBLR/RS ratio from the following
equation:
1 + z =
(
1 − Rs
RBLR
)−1/2
, (2)
where z is the redshift of the line (in this case, the gravi-
tational redshift), RBLR is the line emitting radius and Rs
is the black hole’s Schwarzschild radius. The RBLR/RS ra-
tios calculated for all broad components of the emission lines
of the AGN spectrum (which are, therefore, being emitted
from the BLR) are shown in Table 2. In order to evalu-
ate whether the AGN’s variability can, in fact, result in the
observed pattern of the broad components of the emission
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Table 2. FWHMs, redshifts and the RBLR/RS ratios of the broad components of the lines in Region 1 spectra.
Emission lines FWHM (km s−1) Redshift (×10−3) RBLR/RS
Hβ 1950 ± 20 1.80 ± 0.10 279
Hα 1970 ± 10 1.25 ± 0.13 401
Brγ 2273 ± 40 1.43 ± 0.05 350
Paβ (broad) 615 ± 40 0.32± 0.05 1563
Paβ (very broad) 5681 ± 130 3.69 ± 0.19 136
Figure 19. FWHM versus redshift of all the broad components
of the emission lines presented in Table 2. The curves correspond
to the results obtained with a toy model, which considers the
emission of a gas ring around a central black hole, with different
radii and inclination angles.
lines, we elaborated a toy model, assuming the existence of
a circular ring of gas, emitter of a determined spectral line,
rotating around the central black hole. Along this ring, the
line is emitted with a Gaussian profile, with constant width
and with the redshifts given by the combination of Keplerian
values and gravitation redshift. The final observed line pro-
file corresponds to the superposition of all the line emissions
along the ring. The free parameters of this toy model are
the ring’s inclination relative to the line of sight, i, and the
gravitational redshift, z, which is related to the gas’ orbital
velocity through the following expression (obtained from the
equation 2):
1 + z =
(
1 − 2v
2
c2
)−1/2
. (3)
To each combination of z and i considered in the model,
the Gaussian width emitted along the ring was taken as
being equal to the necessary value, so that the final pro-
file is compatible with the observed one. The FWHM of
all the resulting profiles were obtained with this toy model.
The points corresponding to the observed parameters of the
broad components, together with the traced curves from the
toy model results, are shown in Fig. 19. One may notice
a correlation between z and FWHM. The curves obtained
from the toy model reproduce reasonably well the observed
correlation, as long as the inclination is low (i ∼ 5◦). It is im-
portant to emphasize that the different values of z taken into
account in the toy model are equivalent to different radii of
the emitting gas ring. We are assuming that these different
radii values where the line is emitted are a consequence of
the AGN’s variability.
We also tried to reproduce the observed correlation
(Fig. 19) with a second toy model, assuming the existence
of a spherical shell of gas, with only radial velocities, around
the central black hole. In this case, however, all the obtained
parameters were incompatible with the observed ones.
From the temporal variation of the profiles of the BLR
lines, Alloin et al. (1985) estimated the BLR size as being
less than 0.01 pc. If we assume that the BLR radius is half
of this value, using the calculated values of the RBLR/Rs ra-
tio (Table 2), we conclude that the upper limit of the black
hole’s mass is between 1.3 and 4 ×108 M. The upper limit
of the mass calculated by using the broader component of
Paβ line is 3.4 ×107 M. Being upper limits, all the values
obtained here are compatible with the value of the inner
mass calculated from the H2 velocity curve (see section 6),
which is of the order of 107 M, assuming that the incli-
nation angle of this gas rotation is not close to zero. These
values are also compatible with those obtained by Woo &
Urry (2002) and Smajic´ et al. (2015). If we assume that the
black hole mass is 8.3 ×106 M (Woo & Urry 2002), the
BLR radius is between 1 and 15 light-days, which is within
the upper limit of 20 light-days found by Alloin et al. (1985).
6 GAS KINEMATICS
6.1 Highly ionized gas in the optical
By observing the line profiles of [O iii]λ5007 from the AGN
spectrum and also from the H ii region spectrum (see
Fig. 16), one may notice an asymmetry, with a more pro-
nounced blue wing. In order to analyse in greater detail
this line’s kinematics, we made the channel maps shown in
Fig. 22. It is easy to see the existence of an extended emis-
sion, with a maximum at southeast from the nucleus, with
velocities between -860 and -500 km s−1. The emission from
clouds with more positive velocities is considerably more
compact and centred approximately on the nucleus. A possi-
ble explanation for this blueshifted extended emission is that
it is associated with an outflow coming from the AGN. The
emission associated with this apparent outflow also seems
to extend towards Region 2, which suggests a possible con-
tamination of the H ii region emission by the outflow. In
this case, the prominent blue wing of the [O iii]λ5007 line
of the H ii region spectrum could be due to this contamina-
tion by the outflow. The average position angle (PA) of the
first two channels is 122◦ ± 16◦. We will see next that this
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Figure 20. (a) Image of the Hα/F555W ratio cut in the H ii
region. (b) RB composition of the J -band SINFONI data cube
cut on the H ii region: in red, the image of the red wing of the
narrow component of Paβ and, in blue, the image of the blue wing
of the same component. The orientation is north up and east to
the left, as for the GMOS/IFU data cube.
value suggests that the molecular gas disc is approximately
perpendicular to the outflow.
6.2 H II Region
The previous analysis showed that the detected H ii region
in the optical data cube of NGC 1566 is in redshift relative to
the central AGN. Furthermore, an RB composition obtained
from the images of the red and blue wings of the Paβ line
in the J -band data cube (Fig. 20b) shows that this H ii
region also seems to have a velocity gradient. The north-
west portion of this area (shown in blue in Fig. 20b) presents
lower radial velocities than the southeast portion (shown in
red).
In order to perform a more detailed analysis of this ap-
parent velocity gradient, we compared this result with the
Hα/F555W image obtained with HST (Fig. 20a). We im-
mediately notice that the two brightest components of this
H ii region have different radial velocities (with the bright-
est component having lower radial velocities than the other
one), originating the observed gradient. We also made chan-
nel maps of the Paβ line in the area corresponding to the H ii
region (Fig. 21). The result shows with more detail the pat-
tern already observed in the RB composition in Fig. 20(b).
The observed lower velocities (in the brightest component
of the H ii region) were ∼ -133 km s−1, while the highest
velocities (in the other component of the H ii region) were
∼ 205 km s−1.
6.3 NIR molecular gas
The K -band data cube revealed a significant emission of
the H2λ21218 line. In order to analyse the molecular gas
kinematics in the central region of NGC 1566, we made a
radial velocity map, obtained from the Gaussian fits of the
H2λ21218 line of each spectrum of the data cube. We verified
that an amplitude/noise (A/N ) ratio greater than 5 was
necessary to obtain reliable values of the radial velocity from
the Gaussian fit. However, the values of the A/N ratio were
lower than 5 in a large part of the FOV. So, we re-sized the
obtained velocity map, keeping only areas where the A/N
ratio of the H2λ21218 line was greater than 5. We assumed
that the systemic velocity is equal to the arithmetic mean of
the minimum and maximum velocities of the velocity map.
The centre of the velocity map was taken as being equal to
the point along the line of nodes where the measured velocity
was equal to the systemic velocity, which was subtracted
from the map. The result of this subtraction is shown in
Fig. 24, together with the velocity curve extracted along the
line of nodes. One may notice that the observed pattern
is consistent with a rotation around the kinematic centre,
whose position is compatible, at 1σ level, with the AGN
position (estimated from the image of the broad wing of
Brγ). The PA of the line of nodes of the velocity map is 13◦
± 2◦.
The velocity uncertainties were obtained by a Monte
Carlo simulation. For that, a representative Gaussian distri-
bution of the spectral noise was estimated. We then created
different Gaussian distributions of random noise with the
same width of the initial noise distribution. These distribu-
tions were added to the initial Gaussian fitted to the line,
and new Gaussian fits were made sequentially. At last, the
final uncertainty was taken as the standard deviation of the
values found for the velocity in all the obtained fits.
The inner mass calculated from the H2 velocity curve is
Mint = (2.67 ± 0.08)/sin i × 107M, where i is the inclination
of the molecular gas rotating disc.
We also made channel maps of the H2λ21218 line, shown
in Fig. 23. The images provide a more detailed visualization
of the rotational pattern revealed by the velocity map. Sig-
nificant emission of H2 was detected at velocities between
-283 and 269 km s−1. We notice that the channels with ve-
locities close to zero show a pattern similar to a spiral, that
is better seen in Fig. 25, which is the sum of the three chan-
nels with velocities centred in -71, -28 and 14 km s−1. The
morphology of this spiral is very similar to the one observed
by Combes et al. (2014) and by Smajic´ et al. (2015), who
observed the molecular gas spiral from the CO(3-2) and H2
emission, respectively.
7 STELLAR KINEMATICS
In order to describe the stellar kinematics of the central
region of NGC 1566, we applied the pPXF procedure (Cap-
pellari & Emsellem 2004) to the data cube with the emission
lines masked, that is, to the data cube containing only the
stellar continuum. pPXF is a method that uses a combina-
tion of template spectra of a given base, convolved with a
Gauss-Hermite expansion, in order to reproduce the stellar
spectrum of an object. In this case, a stellar population spec-
tral base created from the Medium-resolution Isaac Newton
Telescope Library of Empirical Spectra (MILES, Sa´nchez-
Bla´zquez et al. 2006) was used. This procedure allows one
to obtain the stellar radial velocity (V∗), the stellar velocity
dispersion (σ∗) and the Gauss-Hermite coefficient h3, which
reveals the profile asymmetries of the stellar absorption lines
relative to Gaussian profiles. As this method was applied to
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Figure 21. Channel maps of the Paβ line in the area corresponding to the H ii region data cube. The isocontours of the positive values
(higher than zero) are shown in red. The images were made at intervals of 1.45A˚ and the velocity values were obtained from the mean
wavelength of the intervals relative to the Paβ central wavelength of the nuclear spectrum.
each spectrum of the data cube, we obtained maps of all the
parameters mentioned above.
Similarly to what was done in the case of the H2 radial
velocity map, the systemic V∗ was taken as being equal to the
arithmetic mean of the maximum and minimum velocities of
the V∗ map. We also assumed that the centre of the V∗ map
was the point along the line of nodes in which the measured
velocity is equal to the systemic velocity. The V∗ map, after
the subtraction of the systemic velocity, together with the
σ∗ and h3 maps and also their extracted curves along the
line of nodes of the V∗ map, are shown in Fig. 26.
The obtained V∗ map (Fig. 26a) shows a bipolar veloc-
ity distribution, with negative values at northeast from the
nucleus and positive values at southwest. As observed for
the molecular gas, this pattern is consistent with a stellar
rotation around the kinematic centre, which is compatible
with the AGN position (estimated from the image of the
broad wing of Hα), at 1σ level. The PA found for the line
of nodes is 29.6◦ ± 1.2◦.
The σ∗ map (Fig. 26b) shows an abrupt decrease of the
values in the central region. We believe that such decrease
is a consequence of imprecisions in the fit caused by the
obfuscation of the absorption lines in this area due to the
featureless continuum emitted by the AGN. In addition the
map shows a generalized decrease of σ∗ towards the nucleus.
The minimum value of σ∗ is found approximately at the
position of the AGN.
The h3 map (Fig. 26c) shows an anticorrelation with
the V∗ map, which is more evident in the extracted curve.
This behaviour is typical of a stellar rotation superposed to
a stellar background with approximately null radial veloci-
ties. The uncertainties are higher at the central region due
to, possibly, the obfuscation caused by the featureless con-
tinuum, which may have hampered the fits obtained with
the pPXF procedure.
The uncertainties of the kinematic parameters obtained
with the pPXF were estimated using a Monte Carlo simula-
tion, in a similar way to what was done for the H2 velocity
map. First, we subtracted the synthetic spectrum obtained
with the pPXF from the original spectrum, for each spaxel of
the data cube. We then estimated a representative Gaussian
distribution of the noise of the obtained residual spectrum.
After that, we created different Gaussian noise distributions
with the same width of the initial noise distribution. These
distributions were added to the initial synthetic spectrum
and the pPXF was applied sequentially to each resulting
spectrum. Finally, for each kinematic parameter, the final
uncertainty was taken as the standard deviation of the ob-
tained values.
8 DISCUSSION
NGC 1566 has a well-studied nucleus in the literature, since
de Vaucouleurs & de Vaucouleurs (1961). We know that this
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Figure 22. [O iii]λ5007 channel maps. The isocontours of the positive values are shown in red. The green cross indicates the AGN
position and its size represents the 3σ uncertainty. The images were taken at intervals of 2A˚ and the velocity values were obtained from
the mean wavelengths of the intervals relative to the rest wavelength of [O iii]λ5007.
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Figure 23. H2λ21218 channel maps. The isocontours of the positive values are shown in red. The green cross indicates the position of
the AGN and its size represents the 3σ uncertainty. The images were taken at intervals of 2A˚ and the velocities were obtained from the
interval’s mean wavelength relative to the central wavelength of H2λ21218 of the nuclear spectrum.
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Figure 24. Velocity map of H2 with its velocity curve. The cyan cross indicates the position of the AGN, which was determined from
the image of Brγ. The cross size represents the uncertainty of 3σ.
Figure 25. Image of the sum of the three channels with velocities
close to zero (-71, -28 and 14 km s−1). The spiral is better seen
in images of low velocities and slightly blueshifted. To a better
visualization and adjustment of LUT (look-up table), the values of
the central region were masked and isocontours of positive values
are shown in green.
nucleus has a variable activity and we found that, at the
time of the observation reported here, it has a Seyfert type
1 activity. When we compare the line profiles of the opti-
cal and NIR spectra of the AGN analysed here, we see that
there is a significant variation, which we attributed to the
variability of this object, since the observations were taken
at different epochs. As evidence of this, while the Hα, Hβ
and Brγ lines (see Figs 14 and 17b) can be decomposed with
only one broad component, the Paβ line decomposition re-
quires two broad components (Fig. 17a). Another evidence
of this variability concerns the relation between the FWHM
and the redshift, as shown in the graph of Fig. 19. A change
in the AGN activity could result in a variation of the values
of the emitting radii of the BLR lines. A simple toy model of
a ring of gas rotating around the central black hole, assum-
ing different values for z (implying different emitting radii)
and i, was capable of reproducing the observed relation be-
tween the FWHM and the redshift. All the results indicate
low values of i, that is, an almost face-on ring. More sophisti-
cated models are needed to characterize in greater detail the
detected broad component emitting region. However, such
modelling is beyond the scope of this paper.
From the broad components of the Hα and Hβ lines
isolated with the aid of Gaussian fits (see Fig. 18), we verified
that the ratio between them is compatible with 2.81, which
is the value corresponding to case B of recombination, with
T=104 K and density equals 106 cm−3. This suggests that
there is no inner extinction in the BLR. Furthermore, we
noticed that the profiles of these lines are compatible; thus,
the statement of the discrepancy between the line profiles of
Hα and Hβ, made by Osmer et al. (1974), is not consistent
with what we see here. This inconsistency is probably due to
the fact that the authors worked with lower resolution and
data quality.
The position of the AGN (estimated from the image of
the broad component of the Hα line) is compatible, at the
1σ level, with the stellar bulge centre (determined from the
synthetic data cube obtained with the spectral synthesis fits)
- see Fig. A6.
The featureless continuum emission of this AGN is very
strong and is concentrated in the central region of the data
cube, that is, there is no evidence of scattering (see Ap-
pendix A and section 3.2). This emission was so relevant
in the data cube that, in the results of the PCA Tomog-
raphy of the data cube after the deconvolution, eigenvector
E2 (which is the second most relevant eigenvector obtained
with PCA Tomography) revealed an anticorrelation with the
stellar absorption lines in the central region. In view of this
result, we subtracted data cubes containing various power
laws (with different spectral indexes and PSFs) describing
this featureless continuum from the original data cube, in
order to nullify this effect in the results provided by PCA
Tomography. The best result was obtained with a power law
with a spectral index of 1.7 and with a PSF with a FWHM,
at the wavelength of Hα, slightly greater (∼ 0′′.75) than the
one corresponding to the image of the broad component of
Hα, as mentioned before. The featureless continuum map
provided by the spectral synthesis with the starlight soft-
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Figure 26. pPXF results: (a) V∗ map, (b) σ∗ map and (c) h3 map, which measures the deviation of the stellar absorption profile relative
to a Gaussian profile.(a) also shows the orientation of the observations and all the figures have isocontours and a light blue cross, which
indicates the position of the AGN, the size of which depicts the uncertainty of 3σ of the position. The radial curve of each map was
extracted along the kinematic axis, whose PA is indicated.
ware (see Appendix A: Figs A4d and A5) also revealed a
central source with a FWHM (∼ 0′′.94) larger than the one
obtained with the Hα broad component image. A possible
explanation is that part of the emission detected with PCA
Tomography and with the spectral synthesis comes from hot
and young stars, whose spectra (with few absorption lines),
in certain circumstances, may resemble a power law. The
fact that the FWHM of the central source detected with the
spectral synthesis is larger than the one revealed by PCA
Tomography suggests that the spectral synthesis was more
affected by the resemblance between the featureless contin-
uum and the young stellar population spectra than PCA
Tomography. The featureless continuum emission is so im-
portant in this object that it compromises the pPXF and
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starlight (see Appendix A) fits in the most central region,
having obfuscated the stellar absorption lines and made it
impossible both to identify stellar populations and to deter-
mine precisely the kinematic parameters.
An H ii region was observed near the central AGN (at
a projected distance of 73 pc). This region was also detected
by Combes et al. (2014) and Smajic´ et al. (2015). The spec-
trum of this H ii region seems to present a contamination
associated with the AGN emission, which manifests itself
as a prominent blue wing of the [O iii]λ5007 line. Fig. 27
shows a superposition between the map of the integrated
flux of CO(3-2) (molecular gas), obtained by Combes et al.
(2014), and tomogram 3 (Fig. 4c), which shows that the H
ii region is centred on ∆x = 1
′′ and ∆y = -1′′. We notice that
the H ii region is very close, or even aligned, to one of the
concentrations of molecular gas associated with the arms of
a spiral in the central region of NGC 1566. The image of Hα
obtained with the HST (Figs 7a and b) revealed that the H ii
region detected in the optical data cube is actually formed
by many components located along an emitting structure
that is also related to a probable spiral arm in the central
region of this galaxy. A velocity gradient was observed along
this H ii region, which is probably due to this spiral arm’s
own kinematics (Fig. 20). However, we cannot discard the
possibility that an eventual influence of the AGN’s outflow
(detected over the H ii region as well) is associated with the
observed velocity gradient (which can also be the responsible
for the prominent blue wing observed in the [O iii]λ5007 line
of this region). When we compared the Hα/F555W and the
velocity gradient images (Figs 20a and b), we saw that there
are possibly two regions of gas with different velocities, the
superior portion having lower radial velocity values than the
inferior portion. The PCA Tomography of the optical data
cube showed that the H ii region, as a whole, is in redshift
relative to the nucleus, with a radial velocity, also relative to
the nucleus, of V= 36 ± 8 km s−1. This value was obtained
from the analysis of the nucleus and of the H ii region spec-
tra (involving Gaussian fits) extracted from the optical data
cube.
When analysing the HST F555W-F814W image (equiv-
alent to V-I ), one may notice that the areas with redder
spectra in the central region present a morphology similar
to a spiral (as can be seen in Fig. 8). When we compare
the images of Fig. 8 with the extinction image provided by
the spectral synthesis (see Fig. A4a), we see that the ex-
tinction pattern is very similar to the pattern of this spiral,
with redder spectra. So we may say that this morphology de-
tected through analysis of the HST images is probably due
to extinction, possibly by dust, in the areas along the spiral.
Similar results were obtained by Mezcua et al. (2015) and
Combes et al. (2014). As mentioned before, spiral patterns
associated with the emission of ionized gas (Fig. 7a) and of
molecular gas (Combes et al. 2014) were also observed in
the central region of this galaxy.
The H2 velocity map, obtained from the K -band data
cube (Fig. 24), revealed the presence of a molecular gas disc
around the AGN, as the kinematic centre of this disc is
compatible with the AGN position, at 1σ level. The exis-
tence of a molecular gas disc in the central region of NGC
1566 has already been verified in previous studies. Using im-
ages of the CO(3-2) emission obtained with ALMA, Combes
et al. (2014) detected a molecular gas disc, with radius of
Figure 27. Isocontours of the integrated flux of CO(3-2) obtained
by Combes et al. 2014 (the white cross is the AGN position,
according to the authors) superposed to tomogram 3, which shows
the H ii region centred on ∆x = 1
′′ and ∆y = -1′′.
3′′, which presents a spiral pattern. The same disc was also
analysed by Smajic´ et al. (2015), using, besides ALMA data,
measurements of the H2λ21218 line of a K -band data cube
observed with SINFONI, obtained with a fore-optics with
FOV of 8′′ × 8′′.
The PA values of the line of nodes of the molecular gas
disc determined by Combes et al. (2014) and by Smajic´ et al.
(2015) were ∼ 44◦ and ∼ 45◦, respectively. These values are
not compatible with the one obtained in this present work
(PA = 13◦ ± 2◦), even at the 3σ level. The reason of this
discrepancy probably concerns the fact that the H2 veloc-
ity map analysed here has a smaller FOV than the velocity
maps analysed by Combes et al. (2014) and Smajic´ et al.
(2015). Therefore, only the central part of the molecular gas
disc analysed in these works was seen here. This result re-
veals that the PA of the line of nodes of this molecular disc
varies with the distance from the nucleus. In fact, Smajic´
et al. (2015) had already detected an apparent variation in
the PA of the line of nodes in the inner parts of the molecular
disc, but the greater spatial resolution of the data analysed
here allows a better visualization of the kinematics of those
regions.Smajic´ et al. (2015) also say that the apparent vari-
ation of the PA can be due to the bar or to an spiral density
wave. The authors, indeed, observed a molecular gas spiral
in the central region and this structure leads to a perturba-
tion in the molecular gas rotation pattern. We detected a
very similar spiral (see Fig. 25), which Smajic´ et al. (2015)
observed in a slightly large scale, and, based on what has
been said, the kinematic perturbation caused by this spiral
can explain the variations in the PA of the molecular disc
line of nodes. Another possible cause for this variation is the
observed outflow, but the PA associated with this outflow
(122◦ ± 16◦) does not indicate any relation to the molecular
gas kinematics in the central region, which makes this sce-
nario improbable. A molecular gas flux through a bar can
also change the PA of the line of nodes of the molecular
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disc, however, the observed molecular gas kinematic pattern
in the central region of this galaxy seems much more com-
patible with an spiral wave (Combes et al. 2014; Smajic´ et al.
2015) than with a coherent flux of gas through a bar. Thus,
the hypothesis of the bar influence is also unlikely. Finally,
one cannot discard the possibility of that PA variation being
due to a warped disc. Nevertheless, redoing this observation
with full adaptive optics, to obtain a better resolution, would
be necessary to find out if this emission of molecular gas has
some relation with the torus.
The emitting region of ionized gas (with radial veloc-
ity, relative to the nucleus, between -860 and -740 km s−1)
southeast from the central AGN, detected by the channel
maps of the [O iii]λ 5007 line (Fig. 22), is probably asso-
ciated with an outflow from the AGN. The apparent direc-
tion of this possible outflow (with a mean PA of 122◦ ±
16◦) is approximately perpendicular to the line of nodes of
the radial velocity map obtained from the H2λ21218 line.
This direction also seems to be aligned with the extended
emission detected in the Hα/F555W image (Fig. 7). This
same extended emission, probably associated with the NLR
of the AGN, was observed by Schmitt & Kinney (1996). A
possible scenario to explain these observations is the follow-
ing: the detected molecular disc corresponds to an extension
of a type torus/disc structure more compact and near the
AGN. This structure collimates the emission (and also the
outflows) from the AGN, originating the observed morphol-
ogy. This scenario is compatible with the Unified Model.
Although the probable outflow has been detected mainly
southeast from the AGN, as mentioned before, the outflow
also seems to extend towards Region 2 (the H ii region). This
may indicate some influence of this phenomenon on the H ii
region and, consequently, could explain the prominent blue
wing of the [O iii]λ5007 line, detected in the spectrum of
this area, which was also observed in many emission lines of
Region 1 spectrum, associated with the AGN.
The V∗ and σ∗ maps obtained from the optical data
cube (Fig. 26) are consistent with what was found by Sma-
jic´ et al. (2015). However, the σ∗ map analysed here seems
to be slightly less noisy and allows a better visualization
of the σ∗ drop, which was not discussed by Smajic´ et al.
(2015). σ∗ drops in galactic nuclei have been observed with
increasing frequency (e.g., Emsellem et al. 2001; de Zeeuw
et al. 2002; Ma´rquez et al. 2003; Shapiro et al. 2003; Falco´n-
Barroso et al. 2006; Ganda et al. 2006). The most accepted
model to explain such behaviour in the values of σ∗ assumes
that the stars in the nuclear region of the galaxy were formed
from circumnuclear cold gas. The recently born stars remain
with the velocity dispersion values of their progenitor gas
clouds, thus giving rise to stellar populations with low val-
ues of σ∗. The observed stellar spectrum and, consequently,
the calculated values of σ∗ are dominated by the younger
stars, originating the σ∗-drop phenomenon (Wozniak et al.
2003; Allard et al. 2005, 2006). Although part of the ob-
served σ∗ drop in the map of Fig. 26 may be caused by the
obfuscation of the absorption lines due to the featureless
continuum emission from the AGN, it is probable that the
model described above is applicable to the central region of
NGC 1566. It is also possible that these same young stars
are responsible for part of the featureless continuum emis-
sion, since its PSF, as mentioned before, is larger than the
PSF obtained with the image of the broad component of Hα
(see Fig. A5 and section 3.2). The difference between the
PA values obtained for the V∗ and H2λ21218 velocity maps
suggests that the molecular gas and the stellar discs are not
coplanar.
9 CONCLUSIONS
We analysed an optical data cube of the central region of
NGC 1566 (obtained with the IFU of GMOS) and also the
NIR data cubes in the J and K bands (retrieved from the
SINFONI archive), in order to evaluate the properties of
the emission-line spectrum, of the featureless continuum, of
the stellar kinematics and of the ionized and molecular gas
kinematics. The main conclusions of our analysis are the
following:
(1) Two emitting regions were found: the central region,
whose spectrum is that of a Seyfert 1, and the region centred
on ∆x = 1
′′ and ∆y = -1′′, with a spectrum typical of an H
ii region. The projected distance between these two regions
is 73.3 ± 1.9 pc. Furthermore, the H ii region is in redshift
relative to the nucleus, with a radial velocity (also relative
to the nucleus) of 36 ± 8 km s−1.
(2) Analysis of HST images revealed that the H ii region
is composed of many substructures and is located along an
apparent spiral arm. Although it is, as a whole, in redshift,
the H ii region has a velocity gradient, which may be due
to the kinematics of this probable spiral arm, although one
cannot discard the possibility of an influence of the AGN
outflow on the H ii region.
(3) An outflow from the AGN was detected with the
analysis of the [O iii]λ5007 line kinematics, and it seems to
extend towards the H ii region, which explains the prominent
blue wing that was seen in this region’s spectrum. The mean
PA found for this outflow was 122◦ ± 16◦. The HST image of
Hα/F555W suggests the existence of an elongated emission
that seems to coincide with the position of the outflow.
(4) PCA Tomography revealed an obfuscation of the
nuclear absorption lines of this object by the emission of
the featureless continuum coming from the AGN. An anal-
ysis, also made with PCA Tomography, revealed that this
featureless continuum may be represented by a power law
with a spectral index of 1.7. The FWHM of the PSF, at
the wavelength of Hα, corresponding to the featureless con-
tinuum emission, ∼ 0′′.75, is larger than the FWHM of the
PSF of the data cube, 0′′.66, estimated from the image of the
broad component of Hα, suggesting that part of this emis-
sion is associated not only with the AGN, but also with hot
and young stars in the central region, whose spectrum can
be similar to a power-law. The power-law map correspond-
ing to the featureless continuum obtained with the spectral
synthesis revealed a central source with a FWHM of ∼ 0′′.94,
also larger than the FWHM of the PSF of the data cube.
(5) The kinematic maps provided by the pPXF revealed
the presence of a stellar disc rotating around the AGN (the
position of the kinematic centre is compatible, at 2σ level,
with the position of the AGN). One may notice a decrease
in the velocity dispersion towards the nucleus, which may
be due to the presence of stars formed from cold gas clouds
that inherited the low values of velocity dispersion of this
gas. Possibly, these young stars are the same ones responsible
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for the emission of the fake featureless continuum mentioned
before.
(6) An H2 rotating disc was identified in the K -band
data cube. This disc is rotating around the central region
and the PA of its line of nodes is ∼ 13◦ ± 2◦. This PA is
not compatible with the values obtained for the same disc
(in larger scales) by Combes et al. (2014) and Smajic´ et al.
(2015). This may indicate that the PA of the line of nodes
of this disc varies with the distance from the nucleus and is
perhaps due to the spiral molecular gas perturbation in the
inner central region.
(7) We detected a slightly blueshifted molecular gas spi-
ral from the images of H2λ21218.
(8) The line of nodes observed in the H2 velocity map
is approximately perpendicular to the probable outflow of
the AGN, which may indicate that this molecular disc cor-
responds to the extension of a more compact structure of a
torus/disc type, which collimates the outflow of the AGN.
This scenario is consistent with the Unified Model.
(9) From the analysis of the BLR emission lines in the
AGN spectra of the optical and NIR data cubes, we saw first
that there is a variation in the optical and NIR line profiles.
There is also a relevant difference between Paβ and all others
line profiles, and it was possible to identify a second broad
component in Paβ. As the observations were made at differ-
ent epochs, it is possible that the difference in the profiles
is due to the variability of the AGN activity. In addition,
we also see that the FWHMs of the lines increase with the
redshift. This relation can be explained overall by a simple
toy model of a gas ring rotating around a central black hole,
with small inclination angles, assuming the influence of the
gravitational redshift and a variation of the distances of the
emitting clouds from the centre, the latter caused by the
variability of the AGN. If the upper limit of the BLR size is
0.01 pc, as determined by Alloin et al. (1985), we conclude
that the upper limit for the black hole mass is between 3.4
×107 and 4 ×108 M.
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APPENDIX A: SPECTRAL SYNTHESIS
The spectral synthesis aims to fit, with a linear combination
of stellar population spectra of a base (convolved with Gaus-
sian functions), the stellar continuum of a given object. In
order to apply this method to the optical data cube of NGC
1566, we used the starlight software and a stellar pop-
ulation base created from MILES (Sa´nchez-Bla´zquez et al.
2006), the same one used to apply the pPXF procedure. We
added to this base a spectrum with a power law represent-
ing the featureless continuum emission from the AGN, in
this case with a spectral index of 1.7.
When we apply the spectral synthesis to a data cube,
we obtain, for each spectrum of the data cube, the flux frac-
tions attributed to the stellar populations used in the fit and,
as we have a spectrum for each spaxel, we also obtain flux
maps of these populations. Likewise, it is possible to draw
a histogram of the flux fractions of the stellar populations
found, in terms of metallicity and age, considering the entire
FOV of the data cube. The spectral synthesis also calculates
the interstellar extinction, attributed to each spectrum, re-
sulting in a map of the extinction at the observed object.
Other maps resulting from the spectral synthesis have the
values of χ2 of the fits and of the S/N ratio of the spectra.
As we added to the base a power law representing the fea-
tureless continuum emission, we also obtain a flux map of
this emission. Fig.A1 shows the fit made with starlight on
the mean spectrum of NGC 1566 data cube.
The histogram of Fig. A2 shows that the highest flux
fractions are from the young (107 yr), ∼43 per cent of total,
and old (1010 yr), ∼28 per cent of total, stellar populations
with high metallicity (0.02 and 0.05; 0.02 being the solar
metallicity). There is also a large flux fraction attributed to
the featureless continuum, ∼22 per cent of total, which is a
very relevant emission in this galaxy.
Figs A3(a) and (b) show the flux maps representing
the stellar populations with 106 and 107 yr, respectively.
Both maps show a central concentration of stellar popula-
tions with high metallicity.
A very low flux fraction was detected, ∼3 per cent,
associated with intermediate metallicity. As we can see in
Fig. A3(c), these populations are scattered throughout the
circumnuclear regions.
The representative flux map of stellar populations with
1010 yr is shown in Fig. A3(d). It is possible to notice that
these populations, most of which having high metallicity, are
scattered along the entire FOV, but were not detected in the
central region. The absence of flux from these populations in
this region may derive from a possible obfuscation of their
absorption lines due to featureless continuum emission.
The extinction map (Fig. A4a) shows a pattern that, at
first, resembles a ring-like emission. However, as indicated
in section 4, when we compare this map to the V-I image
convolved with the PSF of GMOS data cube, we clearly see
that this pattern is a spiral composed of regions with redder
spectra.
Great part of the spectral synthesis maps show possi-
ble contamination from the featureless continuum emission.
This contamination is visible in the extinction map and in
the flux maps of populations with 106, 107 and 1010 yr. Pos-
sible damages to the fits caused by the obfuscation due to
the featureless continuum may be one of the reasons for the
values of χ2 to be higher in the central region (see Fig. A4b).
Another reason is that the uncertainties of the flux values in
the spectra were estimated from the rms of these spectra (in
a given wavelength interval); so, as the spectra of the cen-
tral region have higher S/N (and, consequently, lower values
of uncertainty), and the χ2 is inversely proportional to the
square of the uncertainty, we obtained higher values of χ2
in the central region. The S/N map (Fig. A4c) shows that
S/N is higher in the central region and decays towards the
edges of the FOV.
The flux map of the power law with spectral index of
1.7, representing the featureless continuum of the AGN in
this galaxy, is shown in Fig. A4(d). The featureless contin-
uum emission is central and compact, and its profile can be
well fitted by a Gaussian function with FWHM = 0.86′′.
When comparing the radial profile of the featureless contin-
uum map with the radial profile of the image corresponding
to the red wing of the broad component of Hα (Fig. A5),
we see what we previously mentioned: the featureless con-
tinuum emission area is larger than that of the PSF. So,
as there is no evidence of scattering of the featureless con-
tinuum emission, it is probable that part of this detected
emission is, actually, the continuum emitted by young stars,
wrongly identified by the starlight software.
When we observe Fig. A6, which is the collapsed image
of the stellar synthetic data cube (obtained from the spectral
synthesis fits), we see that the centre of the stellar emission
does not coincide exactly with the position of the AGN, but
is compatible with it at 1σ level.
In order to have an idea of the uncertainty of the param-
eters obtained with the spectral synthesis, we performed the
following procedure: first, the spectral synthesis was applied
to the mean spectrum of the data cube of NGC 1566. The
resulting synthetic stellar spectrum was subtracted from the
mean spectrum. We then calculated a Gaussian distribution
representing the residual spectral noise obtained. After that,
we made different Gaussian distributions of random noise,
with the same width of the initial Gaussian distribution.
These different noise distributions were added to the syn-
thetic stellar spectrum, obtained from the data cube mean
spectrum fit, and the spectral synthesis was applied to each
MNRAS 000, 1–27 (2017)
26 Patr´ıcia da Silva et al.
Figure A1. Result of the starlight fit applied to the average spectrum of NGC 1566. This gives an idea of the quality of the fits
obtained with this method.
Figure A2. Histogram of the flux fractions of the stellar popula-
tions detected with the spectral synthesis. In red, the populations
with high metallicity (0.02 and 0.05), whose flux fractions are
higher for ages of about 107 and 1010 yr. In blue, the populations
with low metallicity (10−4 and 10−4 and 4×10−4), which have flux
fractions too low to be identified, in this case. In green, stellar
populations with intermediate metallicity (4 × 10−3 and 8 × 10−3),
with higher fractions at ages of about 108 yr. In magenta, the flux
fraction attributed to the power law with spectral index of 1.7,
corresponding to the featureless continuum emission of the AGN
in this galaxy.
resulting spectrum. The mean age uncertainty (given by the
weighted mean of the stellar population ages based on the
flux fraction associated with each one of them) and the un-
certainty of the interstellar extinction at the observed object
were taken as the standard deviation of the values obtained
with all those applications of the spectral synthesis. The ob-
tained values are 0.11 dex for the mean age and 0.07 mag
for the interstellar extinction.
A1 Spectral synthesis of the nuclear and
circumnuclear regions
We extracted two spectra from the same data cube used to
apply the spectral synthesis: one from a circular region, cen-
tred on the nucleus, with a radius of 0′′.3, and the other from
the entire FOV. We then subtracted the nuclear spectrum
from that with the total emission, in order to obtain a spec-
trum having only the circumnuclear emission. At last, we
applied the spectral synthesis to the two spectra, obtaining
the two histograms shown in Fig. A7.
The histogram of the spectral synthesis applied to the
nuclear region shows that the highest flux fraction is due to
the featureless continuum emission, ∼54 per cent of total.
There is only one other relevant flux fraction in this region,
comprised of young stellar populations (106 and 107 yr) with
high metallicity (0.02 and 0.05): ∼46 per cent of total.
In the circumnuclear region, the highest flux fractions
are due to the young (106 and 107 yr), ∼45 per cent of total,
and old stellar populations (109 and 1010yr), ∼29 per cent
of total, with high metallicity.
The greatest difference between the results of the spec-
tral synthesis of these two regions is the presence of the old
stellar populations only in the circumnuclear region. This
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Figure A3. Flux maps associated with the stellar populations detected with the spectral synthesis. In red, populations with high
metallicity (0.02 and 0.05); in blue, populations with low metallicity (10−4 and 10−4); and, in green, stellar populations with intermediate
metallicity (4 × 10−3 and 8 × 10−3). (a) represents populations with 106 yr, (b) 107 yr, (c) 108 yr, and (d) 1010 yr.
may be explained by a possible obfuscation of the absorp-
tion lines of these stars in the nuclear region due to the fea-
tureless continuum emission. It is also important to mention
that at least part of the featureless continuum detected with
these two applications of the spectral synthesis can, in fact,
be associated with the continuum emitted by young stellar
populations, wrongly identified by the starlight software,
as already mentioned before.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A4. Maps of the parameters provided by the spectral synthesis. (a) shows the extinction map of NGC 1566, (b) is the χ2 map
of the starlight fits, (c) is the S/N map and (d) is the map of the flux associated with the power law with spectral index of 1.7,
representing the featureless continuum emission.
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Figure A5. In red, radial profile of the featureless continuum
image and, in black, radial profile of the image representing the
red wing of the broad component of Hα, used to determine the
PSF of the optical data cube.
Figure A6. Collapsed image of the stellar synthetic data cube,
obtained from the spectral synthesis, with the cross representing
the position of the AGN. The cross size is equivalent to 3σ of the
uncertainty of this position, obtained from the image representing
the red wing of the broad component of Hα.
Figure A7. Histogram of the flux fractions of the stellar pop-
ulations detected with the spectral synthesis (a) at the central
region and (b) at the circumnuclear regions. In red, stellar popu-
lations with high metallicity (0.02 and 0.05); in blue, populations
with low metallicity (10−4 and 10−4 and 4× 10−4); in green, stellar
populations with intermediate metallicity (4 × 10−3 and 8 × 10−3);
and, in magenta, the flux fraction attributed to the power law
with spectral index of 1.7, representing the featureless continuum
emission of the AGN of this galaxy.
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